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T. A. Beerman

(4). INTRODUCTION

The project is designed to develop sequence specific DNA binding agents that can
preferentially target the ETS transcription factor ESX that is involved in aberrant
upregualtion of HER2/neu in human breast cancer. The approach is to utilize DNA
minor groove binding agents (polyamides) synthesized by our collaborator Dr. Peter
Dervan to block the association of ESX with its consensus binding site within the
HER2/neu promoter. Since polyamides have the ability to recognize DNA at the
sequence level, it should be possible to design agents that would strongly compete with
ESX for its DNA binding site within the promoter. Successful compounds will be
assessed for their ability to inhibit ESX regulated gene expression under cell-free
conditions to document that blocking the complex also inhibits transcription. Active
compounds will be tested for their ability to preferentially block ESX regulated
expression of HER2/neu in cells as well as for general biological activity. Since this is a
first phase for developing polyamides as specific inhibitors of transcription factor/DNA
complexes, early experiments are designed to test the feasibility of the concept and to
uncover approaches which would insure that compounds are specific as DNA targeting
agents and that can function in cells.
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(5). BODY !

Overview. The mission of the research was to develop sequence specific DNA
binding polyamides that could preferentially inhibit association of the ESX
transcription factor with its binding site on the HER2/neu promoter. The first
phase of the study was to evaluate a number of polyamides synthesized to bind
to different parts of the ESX DNA binding site on the promoter to determine
what type of DNA binding motifs lead to effective disruption of ESX/DNA
complexes. Once compounds were found that block complex formation further
modifications were to be made to try and enhance the inhibition while new
studies were to be undertaken to determine the potential of the ESX complex
inhibitors to block expression under cell free conditions. During the next phase,
refinements were to be made in selecting agents that work as both complex
inhibitors as well as being capable of inhibiting cell free gene expression along
with an evaluation of compound activity in cells.

The scenario described above was written into a three year study with
compounds functioning in cells being emphasized in the second and third years.
Since the funding was limited to two years, we did speed up the whole cell
assessment by examining some of the effective cell free inhibitors in cellular
assays during the first year. The rational was that the shortened funding period
would may not allow allowed sufficient time to develop agents that could
function in cells if cell-free inhibitors were not also effective in a cellular
environment. As will be described below this was prudent in that the promising
lead compounds developed from the cell free analysis turned out to not
function well in cells. This prompted us to diminish the emphasis on optimizing

~ polyamides as ESX complex inhibitors in the cell free studies and expand our

efforts towards finding ways of optimizing these agents for cellular activity.
Essentially the task became one of developing polyamides as effective and
selective transcription factor inhibitors while simultaneously looking for ways to
optimize their pharmacological activity in a cellular environment. While initial
evidence based upon uptake studies suggested that polyamides were generally
capable of entering mammalian cells and binding to nuclear DNA, more detailed
assessments negated these early findings. At this point a sustained effort has
been made to understand the basis for the lack of cellular uptake and to explore
ways to modify polyamides to make them functional in a whole cell setting. The

! This proposal received a no cost extension ($10,500) in Oct. of 2002. Since most of the grant
funds have already been expended, the previous report covers much of what is in this final
report,
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integration of these efforts within the statement of work periods is provided
below.

AIM 1 Identification of modular polyamide DNA minor groove
binders that interfere with the binding of ESX to HER2/neu
promoter DNA in cell-free assays: This aim was covered in the past
reports which included a paper describing polyamides that can block
ESX/DNA complexes.

AIM 2 Effects of modular polyamide DNA minor groove binders on
ESX regulated expression of the HER2/neu proto-oncogene: Part of
this aim was covered in past reports and findings where included in a paper that
assessed the ability of polyamides to block HER2/neu expression under cell free
conditions. Also in the previous reports, we eluded to initial studies to test the
effectiveness of polyamides to block HER2/neu expression in intact cells.
Summarizing from the past years, we found that unlike the cell free expression
studies, we could find no evidence of inhibition of HER2/neu in a variety of
human breast cancer cell lines as well as other cell types such AS NIH3T3, BSC-
1 and Hela cells. We went on to document that using conventional DNA
binding agents including several that bind like polyamides to the DNA minor
groove, distamycin, chromomycin, Hoechst 33258 and hedamycin were able to
inhibit ESX/DNA complexes and gene expression under cell free conditions and
that HER2/neu expression was also inhibited in intact cells. Moreover, unlike the
polyamides each drug was able to inhibit cell growth. At the same time, the
polyamides were shown to be much more potent DNA binding agents than
these conventional compounds suggesting that whole cell activity of polyamides
was somehow compromised. While the conventional agents proved to be
effective in cells, the data also suggested that their effects on expression were
not specific and were more likely due to induction of cytotoxicity than to
targeting the HER2/neu promoter.

At this point, we began a rigorous assessment of polyamide uptake into
- cells, since the preliminary evidence that uptake was observed was inconsistent
with a lack of biological activity in cells including lack of effect on gene
expression or cytotoxicity. These studies included examination of uptake and
localization of a series of fluorescently labeled polyamides into live cells.
Experiments were also initiated to evaluate whether modifications could be
made to the treatment conditions to enhance cellular uptake. Selected finding
from these studies are provided below and include representative data (figures
and table numbers are not consecutively numbered):
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Additional studies. At this point we realized the necessity of
focusing more on the factors that influence polyamides to block
expression than those that would enhance their ability to block complex
formation ( months 7-12) since the later was successful while the
former was weaker than expected. While we had intended to carry out
primarily cell free expression assays during months 7-12, we felt it was

- important for several reasons to carry out a preliminary assessment of

polyamide activity as inhibitors of HER2/neu expression in cells although
these experiments were not to begin until months 19-24. Most
importantly, it was necessary to know, if like in the cell-free assessment,
activity would be lower than anticipated for polyamide activity as
inhibitors of HER2/neu expression in intact cells. Also since the funding
period was reduced to two years, it would be even more critical to
develop polyamide transcription inhibitors early on as there would be
less opportunity for discovery of agents that can function in intact cells
if we delayed doing whole cell evaluations until the 19-24 months.
Selected finding from these studies are provided below and include
representative data where appropriate:

Cellular uptake and localization of MGBs and 22 in live SK-Br-3 cells.
The lack of whole cell activity of polyamide 2 (see structure in Fig. 29) which
was one of mist potent cell-free inhibitors of ESX/DNA complexes would be
explainable by the fact that mammalian cells may not be readily permeable to
polyamides. While a published paper does report polyamide effects on
transcription in cells, it was limited to one cell type and one type of polyamide
so it is possible that the findings are not readily applicable to other compounds
or cell types. At this point we evaluated the degree of permeability of
mammalian cells to polyamides using a modified 2 provided by the Dervan
laboratory which contained an attached fluorescent probe (BODIPY). This
compound named 22 (see structure in Fig. 29) was evaluated for its ability to
enter mammalian cells and also its localization in cells was determined. Our
initial assessment reported previously that the compound was well taken up by
the nucleus was not correct. It turns out that using standard fixation
procedures such as methanol treatment to fix cells for microscopic examination
somehow altered the uptake pattern. This was surprising given that such
fixation does not alter localization of conventional minor groove binding agents
and there use is common practice in many types of localization studies.
Nevertheless the data comparing uptake of 22 into live cells (essentially
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compound is added and after indicated incubation time cells are removed from
the incubator and pictures are immediately taken of the unfixed cells to
determine the distribution of the fluorescent signal) demonstrates that bright
nuclear localization signals are only observed in the methanol fixed cells.
Extensive analysis has confirmed that 22 over a wide range of concentrations
and incubation times is unable to reach the nucleus when the analysis is carried
out with live cells. Several cell lines including human breast cell lines SKBR3,
Hela, NIH3T3 all gave similar findings. While the data was disappointing, it
provided an explanation of why we were seeing such little biological activity
from polyamide compounds.

Bepresentative data

To assess if cellular uptake and localization are potential barriers to PA
activity in cells, SK-Br-3 cells were grown on glass cover slips and exposed to
22 at 0.5 mM for 1 hour. To compare 22’s uptake with other MGBs known to
localize to the nucleus and bind DNA, SK-Br-3 cells were also exposed to
Hoechst 33342, Hoechst 33258 or DAPI at 0.5 mM for 1 hour. Following
exposure cells were then washed several times with PBS, to remove excess
drug/ligand, and placed cell side down on a slide with spacers''. In addition to
fluorescence images, bright field images were captured for determination of
cellular localization. Figure 30 (A-D) shows representative images with the
bright field on top and the corresponding fluorescence on the bottom. These
images demonstrate the ability of each of the classical MGBs to reach the
nucleus, albeit to different degrees. Semi-quantitative analysis and
determination of each image’s integrated optical density (10D, Table 6) showed
superior uptake of Hoechst 33342 in SK-Br-3 cells when compared with
Hoechst 33258 and DAPI, nearly 10X and 20X, respectively (Figure 30B and
30C, respectively). However, for 22 there was no visible fluorescence in either
the nucleus or the cytoplasm and semi-quantitative analysis revealed no
detectable fluorescence (Figure 30 D).

While 22 is a MGB it is structurally different than the conventional
compounds including being larger, it is conceivable that this agent requires
more time for uptake into the cells. Figure 31A illustrates representative time
course study evaluations of 22 and the enhanced detection of discrete
punctate staining in the cytoplasm with increased ligand exposure time. These
staining regions were compared to staining using Lysotracker, which’s used to
identify lysosomes. While we were able to show that some of 22 does reside in

" The presence of the spacers prevents the weight of the cover slip from squashing the cells and
provides sufficient time for a minimal visualization and image capture of each agent’s
localization in the live cells.
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liposomes it was never more than a small percentage of the expected total
signal if substantial compound were visible in the cytoplasm. Similarly, we found
indications that a very small amount of 22 was associated with mitochondria
(based upon co-localization studies using a mito tracker co stain). For
comparison purposes, Fig. 42 provides the localization profile of SK-BR-3 cells
treated with 0.5UM 22 at the indicated times prior to fixation with solvent.
Note that almost all the fluorescent signal is nuclear in contrast to the live cell
images in Fig. 31 A.

A second polyamide 3 that was used in our original study of the effects
of polyamides on HER2/nue expression in cell free systems (reported on in the
last report which included a publication (Chiang, S-Y., Burli, R., Scott, G., Gawron
L., Benz, C., Dervan, P., Beerman T. Targeting the ESX Binding Site of the
HER2/neu Promoter with Pyrrole-Imidazole Polyamides. J. of Biol. Chem.
275:24246-24254, 2000) was also tagged with fluorescent Bodipy to create
33. The uptake studies were similar to what was observed with 22 in that only
when cells were fixed did we see a strong fluorescent signal in the nucleus while
live cells showed minimal signal levels comparable to 22. One potentially
interesting difference was noted in that in the fixed cells the nuclear localization
pattern for 33 was distinct from what was observed with 22. In contrast to
22 which appears to localize throughout the nucleus and is likely associated
with chromatin structures, 33 resides mainly on the inner side of the nuclear
membrane.

Further evaluation of mammalian cell permeability to polyamides.

At this point we turned our attention to determining the generality of our
findings and began to study uptake and localization of a series of polyamides
with varying structural modifications. This was partly driven by the unexpected
differences in localization between 22 and 33. These two compounds are
structural quite similar in that they are made of imidazole and pyrrole rings with
22 having ten rings and 33 eight and the latter has an internal beta alanine. To
further evaluate whether ring composition or beta alanine structure could effect
uptake in live cells a series of compounds were synthesized each containing a
fluorescent tag (most contained Bodipy tag but one was made with Tamra).
The structures varied in ring composition and number as well as number of beta
alanines as shown below in the tables (Py — pyrrole and Im — imidazole). A
schematic of the dye structures is shown in Fig. 61.

Agent #ofrings ImvsPy  # of B-alanines




Agent #ofrings ImvsPy # of B-alanines

ent #ofrings Imvs Py # of ﬁ-a{nines

Representative data.
Cellular uptake and localization of Dye 1-7 in live SK-Br-3 cells.

SK-Br-3 cells were grown on cover slips and exposed to Dyes 1-7 at 0.5 mM for
1 or 24 hours. Following exposure cells were washed several times with PBS
and placed cell side down on a slide. In addition to fluorescence images, bright
field images were captured for determination of cellular localization. Figure 62
shows representative images demonstrating no detectable fluorescence
following a 1-hour treatment with any Dye. The lack of detectable staining was
similar to results obtained at the 1-hour time point for both 22 and 33. At the
24-hour time point each Dye showed detectable fluorescence as seen in Figure
62. Dye 1, the potential cleavage product of 33, showed punctate cytoplasmic
staining that clearly avoids the nucleus (Figure 62A). Similarly, Dye 2 showed
punctate cytoplasmic staining although it's staining was slightly less than that
seen with Dye 1 (Figure 62B). In contrast with the punctate cytoplasmic
staining seen with Dyes 1 and 2, Dye 3 appears to localize at the plasma
membrane (Figure 62C). Dye 4 on the other hand demonstrated diffuse

10
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cytoplasmic staining which clearly avoided the nucleus (Figure 62D). Dye 5,
Figure 62E, showed punctate cytoplasmic staining but also had a few sites that
were larger and more intense. Similarly, Dye 6 also demonstrated these isolated
intense punctate cytoplasmic staining (Figure 62F). Dye 7 (Figure 62G)
behaved similarly to 22 with punctate cytoplasmic staining. The data is
summarized in Table 9 which provides estimates of optical density over time
obtained in cells for each compound. In contrast each of dyes when examined
in fixed cells, was able to reach the nucleus with the exception that the
fragment compounds 1 and 2 which showed very little uptake.

Studies carried out during the extension period.

Currently, we are pursuing whether liposome-facilitated delivery of the
PAs results in increased uptake. The desired endpoint is nuclear fluorescence,
which would indicate co-localization of the agents with DNA. In preliminary
experiments using Dye 7, the effectiveness of different commercially available
liposome formulations was compared. Lipofectamine, a polycationic and neutral
lipid mixture from InVitrogen/Life Technologies, and PolyFect, a spherical
dendrimer possessing charged amino groups from Qiagen, were selected for
initial analyses. Both reagents are commonly used for transfection of a wide
range of cell lines. Dye 7 was incubated with carrier DNA before being
combined with liposomes according to the manufacturer's instructions. The
carrier DNA chosen for these experiments was pFosLuc. This plasmid contains
the full-length human c-fos promoter, a sequence containing A/T rich sites to

‘which Dye 7 can potentially bind. The liposome/DNA/PA mixture was applied

to NIH3T3 cells grown on cover slips. Total treatment time, as well as Dye 7,
DNA, and liposome concentrations, were systematically varied in an effort to
optimize treatment conditions. DNA was omitted from some samples to
determine whether its inclusion was necessary for Dye 7 uptake. Following
incubation with the liposome mixtures, the coverslips were pried from their cell
culture dishes and mounted in phosphate buffered saline before being viewed
immediately on the epifluorescence microscope. Under these conditions, the
cells remain viable for a short time. Under these conditions, there was no
evidence of enhanced Dye 7 uptake. A continuation of these mmai studies are
being carried out with funding from other sources.

(6). KEY RESEARCH ACCOMPLISHMENTS

~ » Determined that polyamides may not have ready access to the cell nucleus

when given to intact mammalian cells and that the lack of uptake is wide spread

11
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amongst cell types. Thus, polyamide appear to have great potential to target
specific regions of DNA at the sequence level and as such can effectively
disrupt transcription factor DNA complexes, there limited ability in entering the
cell nucleus limits there pharmacological promise. Based upon our research
effort is now being put forth to design polyamide with the ability to be taken up
in mammalian cells.

*Determined that the HER2/neu model system is well suited to showing that
conventional DNA binding agents can target and block HER2/neu expression in
intact cells.

* Based upon structure activity analysis of a series of polyamides, an inability to
enter the cell nucleus appears to be a common feature although the uptake
patterns vary with polyamide structure.

* Small amounts of polyamide were found to co-localize within lysosomes but
not mitochondria.

* Standard liposome formulations were unable to improve polyamide uptake
into mammalian cells.

(7). REPORTABLE OUTCOMES

* Submission of a manuscript documenting the utilization of the HER2/neu
model system for evaluating targeting of the promoter using conventional DNA
binding agents was not successful. Subsequently, new data was added and an
updated version will be submitted in early 2003.

Leslie, S., Scott, G., Benz, C., and Beerman T.A. Effect of sequence preference
DNA binding drugs on ESX transcription factor binding to the HER2/neu
promoter and gene expression. For submission in 2003.

(8). CONCLUSIONS.

Based upon our rather extensive analysis of polyamide uptake and
localization in live cells, it appears that the inability of these agents to reach the
nucleus is fairly universal. Despite varying the ring composition in both ratios of
pyrroles to imidazoles and well as the number of rings, no compound
demonstrated strong nuclear localization compared to classical DNA minor
groove binding agents. Nor was the lack of uptake restricted to a particular cell
type. Future studies in the development of these compounds will emphasize
more radical modification of the polyamide backbone to see whether agents can
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be developed that maintain effective DNA binding but also are permeable to
cells.

A second approach underway in our laboratory is to use liposomes
to transport the compounds past the plasma membrane. To date this later
approach has not been successful and it is likely that specific liposome
formulations will be needed to optimize encapsulation of the polyamides and to
allow there release once past the plasma membrane.

(9). REFERENCES.
References are provided in the accompanying paper provided in
Appendix A.

(10). APPENDICES.

A. Manuscript.
B. Unpublished data
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APPENDIX A

Manuscript.

Leslie, S., Scott, G., Benz, C., and Beerman T.A. Effect of sequence preference DNA binding
drugs on ESX transcription factor binding to the HER2/neu promoter and gene expression..
Molecular Pharmacology, revised for 2003.

Previous publication.

Chiang, S-Y., Burli, R., Scott, G., Gawron L., Benz, C., Dervan, P., Beerman T. Targeting the
ESX Binding Site of the HER2/neu Promoter with Pyrrole-Imidazole Polyamides. J. of Biol.
Chem. 275:24246-24254, 2000
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Figure 30: Determination of the subcellular localization of naturally fluorescent

MGBs and the fluorescently labeled PA, 22, iﬁ live cells. SK-Br-3 cells were grownon’
coyer slips and treated with indicated drug at 0.5 pM for 1 hour. Cells were; then washed
in room ‘tempgrature PBS, removed anf:i placed cell side down eﬁ aksiide and visu;t}ized

by epifluorescence microscopy. ]éach figure section contains a bright field image (upper
panel) and the corresponding fiuerescent image (lower panel). A, Hoechst 33342; B,
Hoechst 33258 C DAPI; D, 22. Iniaging system, SPOT RT. Camera e:i.;azosssre 100 - 4

msec. Scale bar, 20 ym.
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Figure 30A




Figure 30B
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Figure 30D




Table 6: Results of semi—quéntitaiive analysis of fluorescence intensity.
- Each of the fluorescence images in Figures 30 and 33 were analyzed using Image Pro
Plus. Briefly, the integrated optical density (area multiblied'by pixel intensity) for each

cell within an image was determined. These IOD values were then averaged using the

number of cells within the image to give an “image average IOD”,
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Figure 31: Uptake and localization of Hoechst 33342 and 22 over time.
SK-Br-3 cells were grown on cover slips and treated with indicated drug at 0.5 uM for
specified time points. Cells were then washed in room temperature PBS, removed and
placed cell side down on a slide and visualized by epifluorescence microscopy. Each
figure section contains a bright field image (upper panel) and the corresponding
fluorescent image (lower panel) with the exception of C, which éen{ains a 'marged image.
- A, 22; B, Hoechst 33342. Cis aclose up of a single cell from 48-hour-time point izﬁ A
showing the localization of 22’s fluorescence (middle panel) with vesic%sse in the bright

field image (top panel). Imaging system, SPOT RT. Camera exposure, 2 sec for A and

500 msec for B. Scale bar, 20 pm.
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Figure 31B




Figure 42
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Figure 42: Cellular uptake of 22 over time. SK-Br-3 cells were treated with 0.5 uM of

22 at the indicated times points prior to fixation. Fixative, acetone. Imaging system,

Kodak EOS-DCS5. Exposure time, 2 sec. Scale bar, 50 pm.




Figure 61: Structures of rationally designed Dyes. Dye 1 is the potential cleavage
product of 33. Dye 2 is 2 PA similar in ring number and composition as distamycin. Dye
3 is a combination of top arm of 33 and the bottom arm of 22. Dye 4 and Dye 5 have the
same ring number but different ring composition. Dye 6 has multiple structural changés
compared with 22 and Dye 3. Dye 7 has the same PA backbone as 22 butcontains Tamra

fluorescent tag rather than Bodipy. Their chemical structures can be found in Appendix

A.
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Figure 62: Dye localization in live cells at short periods of time. SK-Br—S cells grown
on cover slips wére treated for 1 hour with each Dye, at 0.5 pM. Cells were washed twice
in PBS, placed cell side down on slides and viewed by epifluorescence microscopy. The

left side contains the bﬁght field images while the right side is fhe corresponding

fluorescence image with the Dye indicated on the images. Imaging system, SPOT RT.

Camera exposure, 2 sec. Scale bar, 20 pm.
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Figure 64: Dye localization in fixed cells. SK-Br-3 cells grown on cover slips were
treated for 1 hour with each Dye at 0.5 uM. Cells were washed twice in PBS, and fixed

in methanol prior to viewing by epifluorescence microscopy. The left side contains the

bright field images while the right side is the corresponding fluorescence image with the

Dye indicated on the images. Imaging system, SPOT RT. Camera exposure: Dye 1 and

2, 2 sec; Dye 3, 4 and 5, 500 msec; Dye 6, 7 and 22, 100 msec. Scale bar, 20 pm.
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_ Table 9: Semi-quantitative analysis of each Dye in fixed cells. Semi-quantitative
analysis was performed using Image ProPlus on fixed cell images following treatment

with eacﬁ Dye for 1, 4 and 24 hours. The average images IOD are listed here. ND, not

determined.
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Three DNA binding polyamides (1-8) were synthe-
sized that bind with high affinity (K, =8.7-10° M 1to 1.4
+ 10" M) to two 7-base pair sequences overlapping the
Ets DNA binding site (EBS; GAGGAA) within the regu-
latory region of the HER2/nex proximal promoter. As
measured by electrophoretic mobility shift assay, poly-
amides binding to flanking elements upstream (1) or
downstream (2 and 38) of the EBS were one to two orders
of magnitude more effective than the natural product
distamycin at inhibiting formation of complexes be-
tween the purified EBS protein, epithelial restricted
with serine box (ESX), and the HER2/neu promoter
probe. One polyamide, 2, completely blocked Ets-DNA
complex formation at 10 nm ligand concentration,
whereas formation of activator protein-2-DNA com-
plexes was unaffected at the activator protein-2 binding
site immediately upstream of the HER2/nen EBS, evenat
100 nm ligand concentration. At equilibrium, polyamide
1 was equally effective at inhibiting Ets/DNA binding
when added before or after in vitro formation of protein-
promoter complexes, demonstrating its utility to dis-
rupt endogenous Ets-mediated HER2/neu preinitiation
complexes. Polyamide 2, the most potent inhibitor of
Ets-DNA complex formation by electrophoretic mobility
shift assay, was also the most effective inhibitor of
HER2/neu promoter-driven transeription measured in a
cell-free system using nuclear extract from an ESX- and
HER2/neu-overexpressing human breast cancer cell
iine, SKBR-3.

Abnormal regulation of gene expression plays an important
role in cancer (1, 2). The first step in the regulation of gene
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expression requires transeription factor (TF)! binding to its
cognate DNA response element in the gene promoter region
(8-5). The ability to preferentially block gene expression by
interfering with TF-DNA complexes could be a powerful tool for
elucidating how aberrant gene expression eontributes to neo-
plastic phenotypes.

One strategy for developing gene-specific transcriptional in-
hibitors is to target DNA binding ligands to the cognate DNA
response element of a crucial, promoter-regulating TF (6-8). A
number of DNA binding natural products and their analogs,
which interfere with the binding of TFs to their promoter
response elements, are potent inhibitors of gene expression
(9-14). Mithramycin, a G,C-specific DNA minor groove binder,
inhibits ¢-Myc expression driven by its G,C-rich P1 promoter
(9, 10). Similarly, small molecules such as the DNA intercala-
tor mitoxantrone and the minor groove binding distamycin
(Dist), both of which can inhibit the binding of E2F1 to the
dihydrofolate reductase promoter, are strong inhibitors of di-
hydrofolate reductase gene expression {11). However, most
DNA binding ligands are not promoter- or TF-specific inhibi-
tors; Dist, for example, is also known to inhibit gene transcrip-
tion by interfering with the association of TATA box-binding
protein fo its:A,T-rich response element (TATA box) found in
the proximal promoter of many genes (12). -

We have been investigating a new class of DNA minor groove
binding ligands, hairpin pyrrole-imidazole polyamides, as po-
tential promoter- and TF-specific inhibitors of gene expression.
In this study we have designed several new polyamides specif-
ically targeted to the Ets binding site (EBS) within the proxi-
mal promoter of the HER2/neu oncogene. Hairpin polyamides
represent a significant advancement in ligand design in that
they can achieve a remarkable degree of sequence specificity
and high affinity for predetermined DNA sequences (13-15).
Polyamides that contain the aromatic rings N-methylimidazole
(Im) and N-methylpyrrole (Py) bind as pairs in an antiparallel
fashion to specifically distinguish G-C (Im/Py) from C-G Py/
Im). Py/Py pairs are partially degenerate and bind both AT
and T-A pairs. More than five aromatic rings are overwound
relative to the DNA helix, and a B-alanine unit has proven to be
a conformationally flexible analog of a pyrrole carboxamide
unit (15). A B/B pair can replace a Py/Py pair and allow for
recognition of longer sequences while maintaining the specific-
ity for AT/TA base pairs (15). Recently, polyamides designed to
interfere with TFIIIA binding to its promoter-response ele-

* The abbreviations used are: TF, transcription factor; Dist, distamy-
cin; EBS, Ets binding site; Im, N-methylimidazole; Py, N-methylpyr-
role; bp, base pair(s); AP, activator protein; EMSA, electrophoretic
mobility shift assay; ESX, epithelial restricted with serine box.

This paper is available on line at http://www.jbc.org
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e
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Fic. 1. A, HER2/neu promoter sequence (and TA5 probe) containing Ets (EBS), AP-2, and TATA box-binding protein-response elements, and
showing the 7-bp polyamide binding elements overlapping and positioned just upstream (for polyamide 1) and downstream (for polyamides 2 and
3) of the GAGGAA EBS. Schematic binding model of the polyamides; imidazole and pyrrole rings are represented as shaded and unshaded spheres,
respectively, whereas the B-alanine residues are represented as unshaded diamonds. B, structure of polyamides ImPy-g-PyIm-(R)"?Ny-PyPy-g-
ImPy-8-Dp (1), ImPyPyPyPy-(R)"2Ny-PyPyPyPy-B-Dp (2), and ImPy-B-PyPy-(R)"*?Ny-PyPy-B-PyPy-8-Dp (3).

ment, were shown to be potent and specific inhibitors of 5 S
RNA gene transcription (16, 17). Such designed polyamides
have also been shown to specifically inhibit the replication of
human immunodeficiency virus, type I virus within the genome
of human blood cells (18).

The HER2/neu oncogene is amplified and transcriptionally
up-regulated in 25-30% of human breast cancers (19). The
dramatic loss of ErbB2/HER2 promoter activity in overexpress-
ing (MDA-453) and normal expressing (MCF-7) cells when a
mutation of the ErbB2/HER2 promoter’s EBS is introduced
(GAGGAA to GAGAGA) into a transfected ErbB2 promoter-
chloramphenicol acetyltransferase reporter construct demon-
strates that the transcriptional up-regulation of HER2/neu de-
pends on a highly conserved EBS and its GAGGAA core
recognition sequence within the key regulatory region of the
HER2/neu proximal promoter (20). Recent studies have con-
firmed, both in vitro and in vivo, that ErbB2-mediated tumor-
igenesis could be inhibited by transfecting an Ets repressor
that binds specifically and uniquely to the same ErbB2/HER2
promoter’s EBS being targeted by our polyamide ligands (21). A
number of polyamides were designed to target the EBS and

adjacent upstream or downstream flanking sequences unique
to this promoter. Three different hairpin polyamides ImPy-g-
PyIm-(R)H2Ny.-PyPy-B-ImPy-B-Dp (1), ImPyPyPyPy-(R)H2Ny.
PyPyPyPy-B-Dp (2), and ImPy-B-PyPy-(R)!2Ny-PyPy-B-PyPy-
B-Dp (8) were synthesized to target either the upstream or
downstream EBS flanking sequences 5'-TGCTTGA-3' or 5'-
AGTATAA-3', respectively (Fig. 14). Quantitative footprint ti-
tration analysis confirmed their high affinity binding and se-
quence specificity for the HER2/neu EBS. Comparisons were
made between these polyamides and the classical three ring
DNA minor groove binder, Dist, in their abilities to inhibit
binding to the HER2/neu EBS by the mammary gland Ets
factor, ESX, thought to endogenously regulate this promoter in
HER2/neu overexpressing human breast cancers (26). Lastly,
a cell-free transcription assay was used to evaluate the specific
and differential ability of these three polyamides to interfere
with HER2/neu promoter-driven transcription.

MATERIALS AND METHODS

Synthesis of the Polyamides—The polyamides ImPy-8-PyIm-(R)H?Ny-
PyPy-B-ImPy-B8-Dp (1), ImPyPyPyPy-(R)2Ny-PyPyPyPy-3-Dp (2), and
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Fic. 2. Quantitative DNase I footprint titration

ImPy-B-PyPy-(R)"*Ny-PyPy-B-PyPy-8-Dp (3) were synthesized from
B-alanine-PAM resin using solid phase as described (22) and was char-
acterized by a combination of analytical high pressure liquid chroma-
tography, UV spectroscopy, and matrix-assisted laser desorption ioni-
zation/time of flight mass spectroscopy. MS, ™/, observed for 1, 1380.7;
1380.7 calculated for [M + HI*; ™/, observed for 2, 1480.6, 1480.7
calculated for [M + H]™; ™/, observed for 8, 1378.6, 1378.7 calculated for
M + HI". UVin M " em™, for 1, 42,500 (ey,5), 53’100 (ey05); for 2,
58,300 (€345), 79'600 (e3,); for 3, 50,000 (e40), 53'600 (e55).
Quantitative DNase I Footprint Titrations—A 188-base pair (bp)
DNA fragment was obtained by polymerase chain reaction using the
plasmid RO6 as a template and the primers Pl (5'-GAGAAAGT-
GAAGCTGGGAGTT-3") and P2 (5-CCTGGTTTCTCCGGTCCCAAT-
3’). The primer P2 was 5'-radiolabeled with [y-°?PIATP using T4-
polynucleotide kinase (Roche Molecular Biochemicals). Polymerase
chain reaction amplification in the presence of P1, P2 (labeled), plasmid
RO, and Tag polymerase (Roche Molecular Biochemicals) gave a
188-bp DNA fragment that was purified on a 6% nondenaturating
polyacrylamide gel. All DNase I footprint reactions were performed in a
total volume of 400 ul containing a 5'-**P-radiolabeled DNA fragment
(17,000 cpm) and final concentrations of 10 mam Tris-HCI, 10 mm K(Cl, 10
mM MgCl,, 5 mm CaCl,, pH 7.0, and either 0.1-10 num polyamide or no
polyamide (control lanes) (23). The solutions were allowed to equilibrate
for 12-14 h at 22 °C. The footprinting reactions were initiated by the
addition of 10 ul of a stock solution of DNase I containing 1 mm
dithiothreitol and incubated for 7 min at 22 °C. The reactions were
stopped by adding 50 ul of a solution of 2.25 M NaCl, 150 my EDTA, 28
mM base pair calf thymus DNA, and 0.6 mg/ml glycogen and ethanol
precipitation. The precipitates were resuspended in 1X Tris borate-
EDTA, 80% formamide loading buffer, denaturated by heating at 85 °C
for 10 min, and cooled on ice. The reaction products were separated by
electrophoresis on a 6% polyacrylamide gel in 1X Tris borate-EDTA at
2000 V for 1 h. Gels were dried on a slab dryer and exposed to a
photostimulatable storage phosphorimaging plate (Kodak Storage
Phosphor Screen 80230 obtained from Molecular Dynamics) in the
dark at 22 °C for 12-24 h. The data from the storage screens were
obtained using a Molecular Dynamics 4008 PhosphorImager and ana-
lyzed by volume integration of the target sites and reference blocks

- oW W -~

LI I R it

experiment with the polyamides 1,2,and 3ona 5 *2P.radiolabeled, 188-base pair
DNA fragment obtained by polymerase chain reaction from the plasmid RO8.

10 pm, 20 pm, 50 pw, 100 py, 200 pM™, 500 pu, 1 nM, 2 oy, 5 nM, and 10 nM polyamide; /
fragment, 10 mm Tris'HCI (pH 7.0), 10 myM KCI, 10 mm MgCl,, and 5 mm CaCl,,.

Lane 1, A reaction; lane 2, DNase I standard; lanes 3-12,
ane 13, intact DNA. All reactions contain a 17-kepm DNA

using the ImageQuant version 3.3. software. Equilibrium asseciation
constants were determined as described previously (24). Each com-
pound was tested three times; the values for the equilibrium association
constants (K.} correspond to average values from three independent
gels.

Cell Culture and Nuclear Extract Preparation—SKBR-3 cells were
purchased from ATCC (Rockville, MD) and maintained at 37 °C with
5% CO, and in McCoy’s 5a medium (Life Technologies, Inc.) with 10%
fetal bovine serum. SKBR-3 cells grown to subeonfluence were rinsed
twice with phosphate-buffered saline, scraped, and collected by centrif-
ugation at 1200 rpm for 5 min, 4 °C (Sorvall RT6000, Newtown, CT).
The following steps were performed at 4 °C. Cell pellets were suspended
in five times the packed cell volume in buffer A (containing 10 mm
Hepes-KOH, pH 7.9, 10 mm KCl, 0.1 mm EDTA, 0.1 mM EGTA, 0.75 mM
spermidine, 0.15 mM spermine, and 1 mwu dithiothreitol), followed by
centrifugation at 1200 rpm for 5 min. The pellet was then resuspended
in five times the pellet volume in buffer A, kept on ice for 8 min, and
homogenized with 10 strokes using a Dounce homogenizer (tight pes-
tle). The homogenate (~95% lysed cells) was centrifuged at 15,000 rpm
for ~1 min, (JA-17 rotor, JA-21 centrifuge; Beckman, Palo Alto, CA).
The pellet was resuspended in buffer B with 20 mm Hepes-KOH (pH
7.9), 20% glycerol, 0.2 mM EDTA, 2.0 mm EGTA, 0.75 mm spermidine,
0.15 mM spermine, 2 mM dithiothreitol, and 1 mm phenylmethylsulfonyl
fluoride followed by drop addition of an equal volume of buffer B that
included 0.75 M NaCl. After rocking for 20 min, the supernatant was
collected by centrifugation at 47,500 rpm for 45 min (SW-55 rotor,
Beckman), and dialyzed against >100-fold buffer C (20 mM Hepes-
KOH, pH 7.9, 20% glycerol, 100 mm KCl, 0.2 mm EDTA, 0.2 mm EGTA,
12.5 mm MgCl,, 2 mum dithiothreitol, and 1 mM phenylmethylsulfonyl
flueride) for 3 h. Precipitated debris was removed by centrifugation at
15,000 rpm (JA-21 centrifuge, JA-17 rotor, Beckman), and the protein
content of the nuclear extract was quantitated using the Bio-Rad pro-
tein assay.

Proteins, Antibodies, and Oligonucleotides—Recombinant ESX pro-
tein was prepared as described (25). Briefly, full-length ESX ¢DNA was
cloned into a pRSET His tag expression plasmid (Nkel-HindIIL; Invitro-
gen) and expressed in isopropyl-1-thio-B-p-galactopyranoside-induced
BL21[DE3] pLysS competent bacteria (Stratagene, La Jolla, CA). His-
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Fic. 3. EMSA comparison of polyamide 2 versus Dist inhibition of ESX-TA5 complex formation. A, EMSA performed in the presence
of 2 was used to evaluate the ability of polyamides to inhibit ESX binding to the labeled TA5 HER2/neu promoter probe. As described under
“Materials and Methods,” labeled TA5 probe and compound were incubated for 30 min at room temperature followed by the addition of ESX and
subsequent a 30-min incubation. Complexes formed in solution were then separated on a 5% native polyacrylamide gel and visualized by
autoradiography. Lane 1, control of ESX-TAS; lanes 2-6, samples in the presence of 2 at concentrations of 100, 10, 1, 0.5, and 0.1 nM, respectively;
lane 7, control of free TA5 probe. B, EMSA performed in the presence of Dist under the same assay conditions as described for 2. Lane 1, control
of ESX-TAS5; lanes 2-6, samples in the presence of Dist at indicated concentration of 10, 5, 2, 1, and 0.1 uMm, respectively; lane 7, control of free probe.
C, inhibition of ESX-TA5 complex formation in the presence of 2 or Dist, plotted as the percentage of control ESX-TA5 complex formation. 2 (@)
and Dist (V) at the indicated concentrations were incubated with the TA5 probe prior to the addition of recombinant ESX protein. The densitometry
quantitated data represent the mean values (+ S.D.) from at least three separate experiments.

TasLE I
Effects on TF-DNA complex formation by polyamides
Polyamide TF ICgo ICs, r value®
nM
1 ESX 5 0.16
AP-2 48 1.55
2 ESX 2.2 0.07
AP-2 >100 nd?®
3 ESX 18 0.58
AP-2 nd nd
Dist ESX 500 16.1
AP-2 6000 193.5

@ r value, the molar ratio of compound to DNA base pairs.
% nd, not determined.

tagged ESX protein was purified by Ni?*-chelate affinity chromatogra-
phy, as recommended by the manufacturer (Qiagen Inc., Valencia, CA).
Recombinant AP-2 protein was purchased from Promega Co. (Madison,
‘WI). Monoclonal antibody against AP-2 was purchased from Santa Cruz
Biochemical (Carpenteria, CA), and the anti-ESX affinity-purified rab-
bit polyclonal was prepared as described previously (26). A 34-mer DNA
oligonucleotide (oligo) containing the EBS and derived from the HER2/
neu proximal promoter (TA5 sequence shown in Fig. 14) and its com-
plementary strand, were synthesized by the Biopolymers facility
(Roswell Park Cancer Institute, Buffalo, NY). Oligos were gel-purified,
annealed, and 5'-end-labeled with {y->*P]ATP using T4-polynucleotide
kinase (New England BioLabs, Beverly, MA) as described previously
7.

Mobility Shift Assay—Demonstration of TFs binding to their DNA
response elements in the proximal HER2/reu promoter was performed
by EMSA using recombinant TFs (ESX, AP-2), duplexed and 5'-end-
labeled TA5 promoter probe, with/without anti-TF antibody. In general,
recombinant protein at the indicated concentrations and 1 nm 32P-
labeled DNA probe were incubated in a reaction buffer containing 25
mM Tris (pH 7.5), 30 mMm KCl, 5% glycerol, 0.1% Nonidet P-40, bovine
serum albumin (100 pg/ml), and 1 mMm dithiothreitol. After incubation
at room temperature for 30 min, samples were loaded onto 5% native
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Fic. 4. Inhibition of ESX-TA5 complex formation after pre-
treatment of HER2/neu promoter probe with various poly-
amides. EMSA experiments were performed as described in Fig. 3A.
Radiolabeled TA5 probe and polyamides 1 (@), 2 (V¥), or 3 (M) were
incubated for 30 min at room temperature before the addition of recom-
binant ESX protein. Following gel separation, autoradiography, and
densitometry, data are represented as mean values (+ S.D.) from three
separate experiments.

polyacrylamide gels running with Tris borate-EDTA buffer (44.5 mMm
Tris base, 44.5 mM boric acid, 1 mm EDTA, pH 8.3). The dried gel was
exposed to Kodak film and the protein-DNA complexes were quanti-
tated by computing laser densitometry (Molecular Dynamics, Sunny-
vale, CA).

Identification of specific protein-DNA complexes was confirmed by
the addition of specific antibodies in the EMSA reaction conditions, as
indicated. The ability of polyamides to interfere with the formation of a
protein-DNA complex was determined by EMSA. For polyamide effects

3
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on monomeric ESX binding to TA5 (ESX-TA5 complex formation), as-
says were performed in two ways: (i) polyamides were incubated with a
#2P.labeled probe at room temperature for 30 min prior to the addition
of ESX protein, and (i) ESX protein was complexed with the probe prior
to polyamide treatment. The inhibition of ESX-TA5 complex formation
was measured by comparing polyamide-treated with nontreated sam-
ples. Polyamide ability to inhibit dimeric AP-2 binding to TAS (AP-2-
TA5 complex formation) was measured in a similar manner, ICq, values
(concentration of compound required for 50% inhibition of protein-DNA
complex formation) were determined to express the inhibitory activity
of each agent; these IC,, polyamide concentrations were also expressed
as r values, the molar ratio of ligand to DNA base pairs.

Cell-free Transcription Assay—In vitro transcription was performed
in a cell-free system composed of DNA template, SKBR-3 nuclear ex-
tract, and buffer containing 12 myM Hepes-KOH (pH 7.9), 60 mMKCl, 7.5
mM MgCl,, 12% glycerol, 0.12 mm EDTA, 0.12 mm EGTA, 1.2 mm
dithiothreitol, and 0.6 my phenylmethylsulfonyl fluoride. The tran-
scription DNA template consisted of CsCl-purified plasmid DNA con-
taining the ~500-bp RO6 HER2/neu promoter fragment (20), inserted
into a pCDNA3-Luc expression vector (Invitrogen, Carlsbad, CA), and
linearized by restriction with Sphl (New England BioLabs, Beverly,
MA). Into a 25-pl reaction of SKBR-3 nuclear extract was added 1 pg of
Sphl-digested DNA, nuclear extracts, 0.5 pl of each nucleotide (20 mum
of ATP, GTP, UTP, and 100 um CTP), 10 uCi of [«-*2P]CTP (800
Ci/mmole; NEN Life Science Products), 1 ul of RNAsin (40 units/pl;
Roche Molecular Biochemicals), and 1.4 pl of EDTA (2.5 mm). Tran-
script formation proceeded with incubation at 30 °C for 60 min, and the
reaction was stopped by adding 325 i of 10 mu Tris base (pH 8.0), Tm
urea, 350 mum NaCl, 1% SDS, and 100 pg of tRNA, followed by phenol-
chloroform-iscamyl alcohol extraction and ethanol precipitation. Sam-
ples were resuspended in formamide-loading dye and heated at 90—
95 °C for =1 min before loading onto a 4%, 7 m urea-polyacrylamide gel.
The **P signal from a dried gel was visualized using a Phosphorimager
screen and quantitated by computing laser densitometry (Molecular
Dynamies, Sunnyvale, CA).

As with EMSA assessment of polyamide activity, ligand ability to
inhibit transcript formation driven off the HER2/neu promoter was
analyzed in two ways: (i) DNA template was incubated with polyamide
at the indicated concentration in a total volume of 10 pl for 30 min prior
to the addition of nuclear extract and radiolabeled nucleotide pool, and
(ii) preincubation of nuclear extract and DNA template for 15 min was
followed by the addition of ligand for another 30 min in the total
reaction volume to which radiolabeled nucleotide pool was then added.
The degree of transcription was measured by quantitating transeript
formation in ligand-treated versus untreated (control) samples and
calculating IC;, and r values. T3 transcript (250 bases; Promega Co.,
Madison, WI) was used as an internal control. In addition, a time course
assay was used to compare transcriptional inhibition off the HER2/neu
promoter in the presence of Dist versus polyamide 2 using our previ-
ously described procedure (11). For these time course assays, following
the addition of ligands and nucleotides to the premixed template and
nuclear extract volume, the reaction was stopped at different time
points (0—60 min), and the newly formed transcripts were quantitated
as described above.

RESULTS

Design of HER2/neu Promoter Binding Polyamides—We
used the simple pairing code (15) to design polyamides that
bind the 5'- and 3'-flanking sequences overlapping the EBS
(GAGGAA) within the endogenous HER2/neu proximal pro-
moter, the RO6 HER2/neu promoter-driven transeript tem-
plate, and the EMSA TA5 probe. The proximal HER2/neu pro-
moter sequence containing this EBS is shown in Fig. 14, and
this HER2/neu EBS has previously been shown to bind with
high affinity to the potent and epithelial-restricted Ets trans-
activator, ESX (25, 26). All Ets family members bind to the
major groove of DNA and have additional critical phosphate
contacts along flanking minor groove sequences (28, 29).
‘Whereas the GGAA core of the EBS is the same for virtually all
Ets proteins, these 5'- and 3’-sequences immediately adjacent
to the EBS core are often promoter- and Ets factor-specific.
Thus, we synthesized three polyamides to target 7 bp of the
HER2/neu promoter sequence 5’ and 3’ of the EBS core; poly-
amide 1 was designed tc bind immediately upstream of the
ESX core binding site at 5-TGCTTGA-3' (site 1), whereas
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Fic. 5. Comparative HER2/neu inhibitory effects of poly-
amides administered before or after formation of ESX-TA5 com-
plexes. EMSA performed when 1 (4) or 2 (B) were added at indicated
concentrations either before (M) or after (#) formation of ESX-TA5
complexes. Following gel separation, autoradiography, and densitome-
try, data are represented as mean values (+ 8.D.) from at least three
separate experiments. A time course assay was used to estimate the
time required for 2 to reach steady-state equilibrium in terms of inhi-
bition of ESX-TA5 complex formation (C). ESX and radiolabeled TA5
probe were incubated at room temperature for 30 min followed by the
addition of polyamide 2 at 10 mwm for 240, 120, 60, 30, or 15 min;
replicate assay results are expressed as mean values (= S.D.).

polyamides 2 and 3 were designed to bind immediately down-
stream and across the adjacent TATA box at 5'-AGTATAA-3’
(site 2).

Selectivity and High Affinity Binding of Polyamides to the
HER2/neu Promoter EBS—Quantitative DNase I footprint ti-
tration analysis showed that polyamides 1, 2, and 8 bind with
high affinity to their target sites (Fig. 2). Polyamide 1 binds
with an equilibrium association constant K, = 9.6-10° m 1 to
its match site (5'-TGCTTGA-3'). It binds by a factor of ~2 less
strongly to a single base pair mismatch site (5'-AGAATGA-3")
located downstream with respect to the ESX binding site K, =
4.5-10° M~ "). Polyamides 2 and 3 both bind with high affinity
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Fic. 6. Antibody-specific AP-2 binding to the HER2/neu promoter probe TAS5, and polyamide versus Dist inhibition of AP-2-TA5
complex formation. Demonstration of specific AP-2 binding to TA5 confirmed by AP-2 antibody-induced supershifting on EMSA. Recombinant
AP-2 protein with/without monoclonal antibodies were incubated for 10 min prior to the addition of radiolabeled TAS5 probe, as described under
“Materials and Methods.” 4, lane 1, control of free TAS probe; lane 2, AP-2-TA5 complexes; lanes 3-5, reactions with antibodies of A (AP-2), S (Sp1),
and N (normal immunoglobulins), showing formation of a slower migrating (supershifted) TA5 complex only in the presence of AP-2-TA5 binding
monoclonal. Inhibition of the AP-2-TA5 complexes (¥) was compared with EMSA formation of ESX-TAS5 complexes (@) in the presence of (B) 1, (C)
2, or (D) Dist. All results are expressed as mean values (+ S.D.) from replicate experiments each performed with duplicate samples.

to their target site (5'-AGTATAA-3', K, = 1.4-10°m ' and K,
= 8.7 - 10° M~ respectively).

Polyamide 2 Inhibition of Ets Binding to the HER2/neu
Promoter—Because Dist can also bind to the TATA box con-
tained in the 3'-EBS element targeted by two of the polyamides
(12), polyamide 2 and Dist were compared by EMSA for their
abilities to inhibit ESX binding to the HER2/neu promoter
probe, TA5. Incubation of 2 with TA5 followed by the addition
of ESX resulted in a concentration-dependent inhibition of
ESX-TA5 complex formation; 10 nM 2 inhibited complex forma-
tion up to 95%, whereas as little as 1 nM resulted in a detectable
decrease in complex formation (Fig. 3A, lanes 2-4). The pattern
of inhibition of ESX-TA5 complex formation by Dist was simi-
lar, but significantly higher Dist concentration was required to
achieve the same degree of inhibition observed by 2, because
Dist at 2000 nm diminished complex formation by ~95% (Fig.
3B, lane 4). Whereas 100 nM of 2 inhibited ESX-TA5 complex
formation almost entirely, 100 nm Dist had no effect on ESX-
TA5 complex formation (Fig. 3A, lane 2 and Fig. 3B, lane 6).
Quantitation of the data in Fig. 3C indicated that 2.2 nm 2 and
500 nm Dist are needed to inhibit complex formation by 50%
(ICg0); Table I also shows the activity of individual polyamides
at inhibiting protein-DNA complex formation expressed as r
values, the molar ratio of ligand to DNA base pairs.

Inhibitory Effects of Polyamides (1, 2, and 3) on Ets Binding
to the HER2/neu Promoter—Because 1 and 2 recognize DNA
elements upstream and downstream of the core EBS while 3
also recognizes the same downstream flanking element as 2
(Fig. 1), EMSA was used to test the relative ability of each
polyamide to inhibit ESX binding to the HER2/neu promoter
probe TA5. As shown in Fig. 4, 1 and 2 appeared similar in
their ability to inhibit complex formation with respective ICg,
values of 5 and 2.2 nm. In contrast, 3 required a 9-fold higher
concentration (18 nM) to prevent Ets-DNA complex formation

by 50% as compared with 2 (Fig. 4 and Table I).

For certain TF/DNA inhibitory drugs, equilibrium conditions
demand greater drug concentrations to inhibit preformed
DNA-bound complexes as opposed to preventing the initial
formation of such complexes (6). For polyamide 1, however,
similar experimental conditions were observed for inhibition of
Ets-DNA complexes whether ligand was added before or after
ESX binding to the HER2/neu promoter probe, because at 10
nM polyamide 1 concentration nearly the same level of ESX-
TA5 complexes were formed within 30 min no matter which
order the reagents were added (Fig. 5A). In contrast, 2 required
10-fold more ligand to obtain equal inhibition when added after
ESX-TAS5 complex formation as compared with the addition of
2 before complex formation (Fig. 5B). A time course assay using
10 nM of 2 indicated that the percentage of ESX-TA5 complexes
inhibited by 2 increased with longer incubation time such that
a =4 h polyamide 2 incubation was needed to achieve equilib-
rium conditions and maximal inhibition when 2 was added
after the initial formation of ESX-TA5 complexes (Fig. 5C).

Inhibitory Effects of Polyamides on AP-2 Versus Ets Binding
to the HER2/neu Promoter—Previous studies have suggested
that AP-2 contributes to the overexpression of HER2/neu, and
footprinting analysis has revealed that there are several AP-2
sites in the proximal HER2/neu promoter (30). We also had
observed that both endogenous and recombinant AP-2 binds to
a G-rich sequence just upstream of the EBS on the HER2/neu
promoter. Dimeric binding of AP-2 to this G-rich element in the
TA5 probe (Fig. 1) is demonstrable by EMSA and confirmed by
the supershifting effect of an AP-2 monoclonal; in contrast,
antibodies nonreactive to AP-2 had no effect on this AP-2-TA5
complex (Fig. 6A). Because AP-2 interacts with this G-rich
element adjacent to the EBS in TAS, it was of interest to know
whether the EBS-targeted polyamides would affect the binding
of AP-2 to this HER2/neu promoter probe. Fig. 6B shows that 1
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Fic. 7. Polyamide and Dist pretreatment of the HER2/neu pro-
moter inhibits its transeriptional activity. HER2/neu promoter-
driven transcription was measured in a cell-free assay as described
under “Materials and Metheds”; briefly, compound at the indicated
concentration was incubated with a Sphl-restricted HER2/neu promot-
er-driven transcription template (RO6) at 80 °C for 30 min, followed by
the addition of SKBR-3 nuclear extract and a radiolabeled pool of
nucleotide precursors. Transeription was allowed to proceed for 60 min
at 30 °C with the expected ~760-base transcript identified by gel elec-
trophoretic separation and phosphorimaging of the scanned gel. Scan
from a representative experiment performed in the presence of polyam-
ide 2 is shown in A. Lane I, untreated control; lanes 2-4, cell-free
transeription performed in the presence of 1, 2.5, and 5 uM 2; lane &,
RNA marker. IC, internal control; TC, 760-base transcript. Activities of
polyamides, 1(®), Z (), 3 (), and Dist ( # ) are presented as percentage
inhibition of transeript formation comparing the compound-treated con-
dition with untreated control (B) and transcript formation in individual
samples normalized to the internal control. Results represent the mean
values (= S.D.) of replicate experiments.

was capable of inhibiting EMSA-detected AP-2-TA5 complexes
in a concentration-dependent manner and with an IC;, = 48
M. In contrast, 2 was unable to block complex formation even
at the highest concentration (100 nm) tested (Fig. 6C).2 Like-
wise, the pattern of inhibition of AP-2-TA5 complexes by Dist
was similar to that of 2 in that micromolar concentrations were
required to significantly inhibit complex formation (Fig. 6D and
Table I). All these compounds were more efficient at inhibiting
formation of ESX (versus AP-2) complexes on the HER2/neu

2 Polyamide concentration greater than 100 nm caused smearing of
the DNA under our assay conditions.

Polyamides Targeted to the Ets Binding Domain

Tasie 11
Effects on the in vitro transcription by polyamides
Polyamide IG5 IC;; r value
(54
1 3.2 0.02
2 14 0.009
3 24 0.015
Dist 74 0.05

promoter probe, with 2 being the most specific and most potent
inhibitor.

Transcription Inhibiting Effects of Polyamides on the HER2/
neu Promoter—To determine whether the effects of polyamides
on Ets-DNA complex formation resulted in an ability to influ-
ence biological function, in vitro transcription assays were per-
formed using a HER2/neu promoter-driven DNA template.
With the ~500 bp of HER2/neu promoter-inserted plasmid
(RO6) linearized with Sphl as DNA template and SKBR-3
nuclear extracts (endogenously enriched in ESX, AP-2, TATA
box-binding protein, etc.) to provide the transcriptional ma-
chinery, a ~760-base {ranscript is produced in this cell-free
system. Compounds were first incubated with the DNA tem-
plate prior to the addition of nuclear extracts and radiolabeled
pool of nucleotides. A representative gel shown in Fig. 74
demonstrates the ability of 2 to block synthesis of the 760-base
transcript in a concentration-dependent manner., Compared
with the untreated control, 5 pM of 2 inhibited transcript syn-
thesis by 95%; whereas 1 um produced less than 50% inhibition
of transcript formation, at higher polyamide concentrations
there was some evidence of the partial transcript production
(Fig. 7A, lanes 3 and 4). Comparative inhibition of HER2/neu
promoter-driven transcription by 1, 2, 3, and Dist is shown in
Fig. 7B. The order of transcription inhibiting potency (2 > 3 >
1 > Dist) is somewhat different from the EMSA ESX-TA5
complex inhibiting potency for these compounds. Their corre-
sponding IC;, values are 1.4 pMm for 2, 2.4 um for 3, 3.2 um for
1, and 7.4 M for Dist; their r values are also shown in Table II.

Because EMSA results demonstrated differences between
the ability of 1 and 2 to inhibit Ets-DNA complexes when
ligand was given before or after initial formation of the ESX-
TA5 complex (Fig. 5), to determine if the order of addition of
polyamides influenced their transcription inhibitory activity,
nuclear extracts were allowed to interact with the promoter
and DNA template prior to ligand exposure. Polyamide effec-
tiveness appeared to be reduced when tested in this fashion
(Fig. 8). For example, concentrations of 2 at 1.4 or 4.2 uM were
required to inhibit transcription by 50% when ligand was
added before or after nuclear extract binding with the R06
template (Fig. 84). In the case of 1, a 2-fold higher ligand
concentration was needed to inhibit transcription (6.4 um)
when extract was prebound to template (Fig. 8B).

Previous time course studies with DNA binding and tran-
scription-inhibiting drugs have shown that the degree of tran-
scription inhibition can change in relation to the in vifro reac-
tion time in the presence of moderately inhibiting drug
concentrations (11). Conducting similar time course experi-
ments with the most potent inhibitor 2 revealed a plateau level
of transcription inhibition at all time points from 10—60 min
(Fig. 9). In contrast, the level of transeription inhibition by Dist
declined somewhat in relation to incubation time. These time
course differences between 2 and Dist might be accounted for
by the higher DNA binding affinity of the polyamide, making it
less likely that ligand is released from the template and tran-
scription is allowed to resume during the longer exposure
times.
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Fic. 8. Comparative inhibition of HER2/neu promoter-driven transcription when polyamides are administered before or after
promoter binding to endogenous transcription factors contained in SKBR-3 nuclear extract. The experimental procedure was similar
to that described in Fig. 7A except that the promoter-driven DNA template was incubated with SKBR-3 nuclear extracts for 15 min before the
addition of a labeled pool of nucleotide precursors and polyamides 2 (A) or 1 (B). The percent inhibition of transcript formation (¥) produced by the
individual ligands was compared with that produced when ligand exposure to template preceded the addition of nuclear extract (®). Results

represent the mean (+ S.D.) of replicate experiments.
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FiG. 9. Inhibition of HER2/neu promoter-driven transcription
when compound is administered after template binding to nu-
clear extract and as a function of exposure time. The experimen-
tal procedure was similar to that described in Fig. 8 except that the
cell-free transcription reaction was stopped after a 5-, 10-, 30-, or
60-min exposure to 2 (®) and Dist (V). Results represent the mean (*
S.D.) of replicate experiments.

DISCUSSION

In this study, we examined the ability of sequence-specific
polyamides to inhibit Ets-DNA complex formation and EBS-
regulated transcription off the HER2/neu promoter. Poly-
amides were synthesized that recognize different elements
overlapping and flanking the GAGGAA EBS, located adjacent
to and 5’ of the TATA-box in the regulatory portion of the
proximal HER2/neu promoter (20). As compared with the
TATA box binding natural product Dist, three designed se-
quence-specific polyamides were more effective at inhibiting
EBS complex formation with the mammary gland Ets transac-
tivator, ESX, as well as HER2/neu driven transcription from a
~500 bp HER2/neu promoter sequence known to be regulated
at the EBS as well as other endogenous response elements (e.g.
AP-2, Sp1, CAAT, and TATA boxes). Of the three polyamides, 2
was the most strongly binding and effective HER2/neu pro-
moter inhibitor, binding with a K, = 1.4 -+ 10'° M™! to the
3'-flanking EBS element that includes the promoter’s TATA
box.

Comparison of the three polyamides (1-8) with Dist for inhi-
bition of protein-DNA complex formation on the HER2/neu
promoter probe, TA5, revealed the vastly enhanced potency
and specificity of the high affinity hairpins as opposed to the
latter natural product. Because both Dist and polyamides 2 and
3 bind the same TATA box containing the 3'-EBS element (Fig.
1), the higher binding affinity of 2 for this element likely
contributed to its greater inhibitory activity over both Dist and
polyamide 8. However, because Ets family members also make
minor groove phosphate contacts in addition to their major
groove base contacts, some of the enhanced inhibitory effects of
both these polyamides over Dist may be attributed to steric
effects restricting Ets (ESX) access to the HER2/neu EBS (28,
31). With a similar comparison in the present study, HER2/neu
promoter-targeted polyamides were shown to differentially af-
fect ESX and AP-2 binding to adjacent DNA response elements.
The binding of polyamide 1 to its 5'-EBS element partially
impinges on the G-rich AP-2 binding site present in the TA5
probe (Fig. 1), probably accounting for the observed ~10-fold
less effective inhibitory activity of 1 at blocking formation of
AP-2-TA5 versus ESX-TA5 complexes (Fig. 6B). Comparing
Dist and polyamide 2 (Fig. 6, C and D), both of which bind the
same 3'-EBS element located more remote from the AP-2 bind-
ing element in TA5, demonstrated the vastly improved pro-
moter specificity of a designed polyamide over a less specific
natural product like Dist, because the latter showed some AP-2
inhibitory activity whereas the former showed none despite its
potent ESX-TA5 inhibitory activity over the same concentra-
tion range.

Small molecules that bind DNA near or at a TF response
element typically require more time (or higher concentrations)
to achieve steady-state inhibition of protein-DNA complexes
when added after rather than before the formation of these
complexes (6, 12, 27). Differences in this regard were noted
between polyamides 1 and 2 when EMSA was carried out with
ligands added before or 30 min after formation of ESX-TA5
complexes; polyamide 1 showed no significant impact by de-
layed administration but 2 showed a near 50% increase in its
ICs, (Fig. 5, A and B). However, by increasing its post-treat-
ment incubation time from 30 min to 240 min, a 10 nM dose of
polyamide 2 regained its full inhibitory activity as seen with a
30-min pretreatment at this same dose (Fig. 5C), demonstrat-
ing that 2 required longer post-treatment exposure than 1 to
achieve its steady-state inhibitory potential. The difference in
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this regard between polyamides 1 and 2 likely reflects 3'-
versus 5'-asymmetry in the TA5-bound ESX complex, resulting
in greater structural interference and reduced access to the
TA5 element recognized by 2 in the presence of preformed
ESX-TA5 complexes (Fig. 9).

Polyamide 2, which most effectively inhibited ESX-TA5 com-
plex formation at equilibrium also most effectively inhibited
HER2/neu promoter-driven transcription, assayed in a cell-free
system utilizing endogenous ESX, AP-2, TATA box-binding
protein, and other transcriptional components endogenously
present in a nuclear extract of the HER2/neu overexpressing
breast cancer cell line, SKBR-3. Interestingly, polyamide 3,
which was 3-fold less inhibitory than 1 at inhibiting formation
of ESX-TA5 complexes on the 34-bp TA5 promoter probe (ICs,
of 18 nM versus 5 nM), was at least as effective as 1 at inhibiting
cell-free transcription off the ~500-bp (R06) HER2/neu promot-
er-driven template. Moreover, the inhibitory activity of poly-
amide 1, which was unaffected in EMSA by prebinding of ESX
to TA5, was moderately reduced in the cell-free transcription
assay by prebinding of nuclear extract to the HER2/neu pro-
moter-driven template, as was the transcription inhibifory ac-
tivity of polyamide 2. Similar discordances were observed in
comparisons of mitoxantrone and Dist as inhibitors of both
protein-DNA complex formation and cell-free transcription
with the DHFR promoter (11). Possible variables accounting
for these discordances in the present study include the multi-
plicity of endogenous HER2/neu promoter binding factors pres-
ent in the nuclear extract fueling the transcription assay (ver-
sus the single protein component in the EMSA assay) and
potentially different numbers of lower affinity binding sites for
each polyamide on the linearized R06 plasmid-containing
HER2/neu promoter-driven template (versus the 34-bp TAS
EMSA probe). To address the potential impact of DNA content
(bp) as a discordance-inducing variable between the EMSA and
cell-free transcription assay, r values were ealculated to com-
pare the molar ratios of polyamide to DNA content (Tables I,
and II). The degree of difference between the EMSA and tran-
scription assay r values for Dist is most notable and without
obvious explanation. However, the lower overall r values
among polyamides tested by transcription assay versus their
EMSA determined values suggest that differences in total DNA
content or polyamide binding sites on the HER2/neu promoter-
containing plasmid template did not substantially contribute to
the discordances noted above.

In summary, polyamides designed to selectively target crit-
ical 7-bp elements flanking and overlapping on a singular EBS
in the regulatory region of the proximal HER2/neu promoter
were shown to exhibit high affinity binding to their respective
elements and to specifically disrupt binding of a HER2/neu
promoter EBS candidate, ESX. These Ets-DNA complex inhib-
iting hairpin polyamides were significantly more potent inhib-
itors of HER2/neu promoter-driven transcription than the nat-
ural product Dist, a TATA box minor groove binder, and less

Polyamides Targeted to the Ets Binding Domain

effective Ets-DNA complex inhibitor. The differences noted in
the HER2/neu promoter inhibiting activities of these poly-
amides is thought to be because of both their respective binding
affinities and the choice of EBS flanking elements targeted for
polyamide binding. These differences may implicate vulnerable
promoter elements for future attempts to repress transcription
of the overexpressing HER2/neu oncogene. Studies are now
underway to evaluate the effectiveness of polyamides as HER2/
neu transeription inhibitors in whole cell systems.
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Abstract:

A strategy for inhibiting gene expressién is to utilize DNA-binding compounds that‘
recognize similar DNA binding motifs (based upon sequence and groove preference) as the DNA
binding domain of a targeted transcriptien factor. It is widely assumed that agents found to be
potent in reducing complex formation will be eﬁ‘éctive inhibitors of gene e)::pression or that
inhibition of gene expression in cells is a result of drug related interference with the transcription
factor/DNA complex. To test the validity of this scheme, drugs with differing DNA-binding
motifs (minor groove or intercalating) and sequence preferences (A/T or G/C) were examined for
correlations between their ability to inhibit formation of a térgeted transcription facter;"DNA
complex and gene expression. Drug effects on HER2/neu promoter binding by ESX, a member of
the Ets family of transcription factors, and disruption of the ESX/HER2/neu complex were
analyzed using a cell-free electrophoretic mobility shift assay. Hoechst 33342, distamycin and
hedamycin effectively prevented ESX binding to the HER2/neu promoter while éhmmbmycin A;
was corisiderably less active. In contrast, in cell-free transcription experiments, chromomycin A;
was among the most potent inhibitors of HER2/neu expression, followed by distamycin and
Hoechst 33342, while hédamycin was the least cﬁ‘ective. Drug treatment of SK-Br-3 cells, a
human breast adenocarcinoma cell line which overexpresses both HER2/neu and ESX, revealed
hedamycin and chremomycin Aj to be highly pétent inhibitors of HER?fneu mRNA
transcription while Hoechst 33342 and distamycin were relatively weak inhibitors. Ultimately,
the most potent inhibitors of cellular mRNA transcription were the most cytotoxic suggesting

- that effects on expression were not necessarily directly related to the drug’s ability to target the

transcription factor/DNA complex. This study points out the need for caution when




extrapolating cell-free evaluations of drugs as inhibitors of transcription factor/DNA complexes
to éffectiveness as inhibitors of gene expression. Additionally, these results revealed that no
agent was capable of selectively inhibiting targeted gene expression. As new generations of more
specific DNA binding agents are developeé, the use of a linked series of i}ieassays can help

pre\}ide validation of the targeting concept.




Introduction:

Agenté, which bind preferentially to A/T and G/C sequences, can be targeted to particular
gene promoters containing the DNA recognition sequence (1-5). For example, the crescent-
shaped DNA minor gréove binder (MGB), distamycin, binds preferentially to A/T sequences
causing the minor groove to widen and the major groove to narrow (6-9). This agent was found
to effectively biockfoﬁnaﬁen of TATA box binding protein/DNA complexes (10-13). Similarly,
chromomycin A3, which binds G/C rich regions of DNA within the minor groove, can disrupt
transcription factor/DNA complexes due to the significant distortion of the helix that occurs
upon its binding (2, 14-17). Chromomycin A;’s effective inhibition of binding by early growth
response gene-1 (a G/C-preference major groove binding protein) as well as TATA box binding
protein (an A/T-preference miﬁer groove binding protein) are linked to its ability to induce helical
alterations that can affect protein binding to either groove (13). Intercalators are another class of
DNA-binding agents, which alter DNA conformation by sliding their chromophore between the
base pairs of DNA and lengthening the helix (4, 9, 18-21). By altering the positions of
donor/acceptor groups that participate in transcription factor (TF) site recognition, intercalators
- such as hedamycin have been shown to effectively disrupt a variety of TF/DNA complexes
including early growth response gene-1, Wilms tumor suppressor gene-1 and TATA box binding
- protein (12, 13, 22).

While it is apparent that TF DNA-binding domains can be targeted by DNA-binding
drugs, whether the disruption of the TF promoter complex, inhibition of gene expression, and
ceﬂular response are linked is less clear. In fact, differing results have been observed when drug-

induced inhibition of TF binding to promoter response elements and inhibition of gene




~ expression in both cell-free and whole cell assays is compared (22-25). Also, a recent study

suggested that for some DNA-binding drugs a decrease in cellular gene expression is more likely
associated with general cytotoxicity than with targeted gene inhibition (26).

The present study éompared agents with differing DNA-binding specificities to inhibit
formation ef TF complexes on a key gene regulatory element. Drug affects in cell-free assays
(EMSA and in vitro transcripticn)‘ are compared to RNA expression and growth inhibition of a

cultured human breast cancer cell line (SK-Br-3). The viability and proliferation of SK-Br-3

cells depends on overexpression of the HER2/neu (ErbB2) oncogene, which requires an intact

Ets binding site (EBS) (27-34). This EBS (GAGGAAGT) can be targeted by either A/T or G/C
sequence specific agents. The four DNA-binding antibiotics examined in this study include the
A/T sequence preferring minor groove binding agents distamycin and Hoechst 33342, the G/C
sequence preferring minor groove-binding agent chromomycin A3, and the G/C sequence
preferring intercalator hedamycin. Whether the potency of sequence specific DNA-reactive
agents as inhibitors of TF/DNA complexes in cell-free assays is predictive of their ability to

modulate TF function in both cell-free and cellular environments was determined.




Materials & Methods: ~
Drugs:

Hedamycin (5 mM), supplied by the National Cancer Institute, was prepared‘ by
dissolving in 1/10 volume 0.1 N HCl, adding 8/10 volume ddH,0, and neutralizing with 1/10
volume 0.1 N sodium hydroxide. Stocks of distamycin (5 mM; Sigmé, St. Louis, MO) and
Hoechst 33342 (20 mM; Aldrich, Chemical Co., Milwaukee, WI) were prepared in ddH,0.
Chromomycin A; (5 mM; Sigma, St. Louis, MO) was prepared in dimethylsulfoxide. All drug

stocks were stored at —20°C and diluted into water immediately before use.

Cell Culture:

- HER2/neu-amplified and -overéxpressing SK-Br-3 cells (human breast adenocarcinoma)
were pufchased from American Tissue Culture Collection (Rockville, MD) and grown in
McCoy’s 5a mediuxﬁ (GIBCO, Grand Island, NY) with i()% fetal bovine serum. Cells were sub-
cultured after reaching ~8{}°./é conﬂuenée (1x107 cells/T75 dish) by resuspending in medium and

plating at 3x10° cells/ml.

Electrophoretic Mobility Shift Assay (EMSA):

A bacterially expressed Ets protein, ESX, known to bind to the HER2/neu promoter’s
EBS, was prepared as previously described (31, 35). Briefly, a full-length ESX ¢cDNA was
cloned into a pRSET Histidine-tag expression plasmid (Nhel-HindIII; Invitrogen) and expressed
in isopropylthio-B-D-galatoside induced BL21[DE3] pLysS bacteria (Stratagene, La Jolla, CA).

Histidine-tagged ESX protein was purified from the bacteria by Nickel-chelate affinity




chromatography, as recommended by the manufacturer (Qiagen Inc., Valencia, CA). A 34-mer
oligonucleotide (TAS-34 oligo), 5’-GGAGGAGGAGGGCTGCTT

GAGGAAGTATAAGAAT-3’, containing the EBS (underlined sequence), derived from the

HER2/neu gene promoter and its complementary strand were synthesized by the Biopolymer
facility (Roswell Park Cancer Institute, Buffalo, NY). The oligonucleotide was purified,
anneaiéd and end-labeled with [y->2P]-ATP using T4-polynucleotide kinase (New England
BioLabs, Beverly, MA), as described previoﬁsiy (12, 35). For optimizatian of EMSA
conditions, full-length ESX protein was titrated in the presence of ?P-end labeled TAS5-34
oligonucleotide (1 nM) in binding buffer (30 mM potassium chloride, 5% glycerol, 25 mM Tris
[pH 7.5}, 0.1% NP—4G, 0.1 mg/ml bovine serum albumin and 1 mM dithiothreitol). Maximal
ESX/DNA complex formation (~90%) was achieved at 40 nanograms of ESX protein. A 30-
minute incubation at room temperature was sufficient time to achieve equilibrium between ESX
‘and the oligonucleotide (35). Following complex formation, samples were electrophoresed for 60
minutes at 200 volts on a 4% polyacrylamide gel using 0.5X TBE buffer (44.5 mM Tris base,
44.5 mM boric acid, 1.0 mM ethylenediamine tetraacetic acid [pH 8.0]). Gels were dried and
exposed to Kodak Biomax Scientific Imaging film. A Molecular Dynamics densitometer
(Molecular Dynamics, Sunnyvale, CA) was used for quantitation of EMSA TF/DNA complexes
and inﬁziges were analyzed using ImageQuant saﬁware. The drugs’ ability to disrupt the
BS}UDNA complex formation was assessed by 30-minute pre-incubation of the oligonucleotide
’With drug, prior to the 30-minute incubation of the probe with the recombinant ESX protein and
EMSA. Percent inhibition of complex formation by drug was determined by comparing the

signal intensity of complex in drug-treated samples to that generated by 4 untreated controls, and




ICs values (amount of drug needed to inhibit 50% of complex formation) for all agents were

determined.

Cell-free transcription assay:

Cesium chloride-purified plasmid DNA (RO6), containing a ~500 bp insert DNA
fragment from the HER2/neu promoter fragment in ‘the repeﬁer gene expression construct
pCDNA3-Luc (Invitrogen, Carlsbad, CA), was linearized with restriction enzyme, Sphl (New |
England BioLabs, Beverly, MA) (36). Nuclear extract was prepared as described previously
from SK-Br-3 cells, which overexpress both HER2/neu and various Ets factors including ESX
(35).

Radielabeled transcripts were generated by incubation of DNA template and SK-Br-3
nuclear extract for 60 minutes in labeling cocktail containing [a-*?P]-CTP (800Ci/mmole; NEN,
Boston, MA). Safnples were extracted and electrophoresed under conditions described by
Chiang et al. (35). A Phosphorlmager screen was used to visualize the 2P signal from dried gels
and the signal was quantified using a Molecular Dynamics PhosphorImager. T3 transcript (250
bases; Promega Co., Madison, WI) was used as an internal loading control for each sample. An
RNA ladder (Gibco BRL, Grand Island, NY) of 1.77 — 0.155 kilobase gaars waé
éephoséhoryiated, end-labeled and purified as described previously and was used to verify the |
band of interest based on an expected HEthzeu transcript size of ~760 base pairs (35). Nuclear
extract was titrated in the presence of a constant amount ei: plasmid DNA (1 pug) to obtain the

optimal signal for the 760 base pair HER2/neu transcript.




Inhibition of Ets-regulated gene expression was assessed by incubation of the drug with

the DNA template in reaction buffer for 30 minutes at 30°C prior to addition of labeling cocktail

i
with the Ets-containing, including ESX, SK-Br-3 nuclear extract. ImageQuant signal intensity of
the HER2/neu reporter gene transcript (luc) for control and drug treated samples were normalized
to the internal loading control signal. For each agent the percent inhibition of transcript formation
was determined by comparing the drug-treated normalized HER2/neu transcrip’; signal to that of
4 normalized untreated control HERZfrzezQ transcript signals. ICsg vaiués for each agent was also
determined.

Northern Blot Analysis:

SK-Br-3 cells (5 x 10°) were plated in 60 mm dishes. 72 hours after plating, the medium
was changeciv followed by drug addition at the indicated concentrations. At the times indicated
after drug treatment, total RNA was harvested from the cells using TRIzol Reagent (GIBCO,
Grand Island, NY), as recommended by the manufacturer. Equal amounts (based upon
absorbance at 260nm) of total RNA from each sample were electrophoresed for 4.5 hours at 80
volts on a 1.5% agarose-formaldehyde gel (40 mM 3-(N-morpholino)-propanesulfonic acid [pH
7.0], 10 mM sodium acetate, 10 mM ethylenediamine tetraacetic acid and 2.2 M formaldehyde)
with a buffer containing 40 mM 3-{N -morpholino)-propanesulfonic acid, pH 7.0, 10 mM sodium
acetate, 10 mM ethylenediamine tetraacetic acid. The gel was then tra;nsferred overnightto a
‘nylon membrane (Genescreen, NEN Life Science Products, Boston, MA). Following UV cross-

linking, the membrane was placed in a hybridization bottle with pre-hybridization buffer (0.5 M

sodium phosphate, pH 7.2, 7% sodium dodecyl sulfate, 1 mM ethylenediamine tetraacetic acid,




1% bcvine serum albumin) at 60°C for 60 minutes. The membrane was then hybridized
overnight with [0->2P]-CTP radiolabeled HER2/neu cDNA (pBluescript, 1.5Kb EcoRI fragment)
and [0-*2P]-CTP radiolabeled glyceraldehyde 3-phosphaté dehydrogenase cDNA (American
Type Culture Collection, pBluescript SK°, 1.2Kb EcoRI fragment). The hybridized membrane
was washed twice for 20 minutes at 60°C with 40 mM sodium phosphate, pH 7.2, 5% sodium
dedecyI sulfate, 1 mM ethylenediamine tetraacetic acid, and 0.5 % bovine serum albumin,
followed by two additional washes for 20 minutes at 60°C wifh 20 mM sodium phosphate, pH
7.2, 1% sodium dodecyl sulfate and 1 mM ethylenediamine tetraacetic acid. Blots were

: expésed to a PhosphorIimaging Screen and the 3?P signal of both HER2/neu and GAPDH

| transcript signals were quantitated by a Molecular Dynamics Phosphorlmager and analyzed with

ImageQuént sqftware. The assessment of drug inhibition of gene expression was determined by

dividing the signal of the mRNA bands from drug treated samples by the average mRNA signal

generated by 4 untreated control sampies.
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Results:
Effects of DNA-binding agents on formation of the ESX'HER2/neu promoter complex.
DNA-binding agents (structures presented in Figure 1A) with varying binding motifs
were evaluated by EMSA for their efficacy at preventing the binding of a purified recombinant
Ets protein, ESX, to the HER2/neu promoter. An oligonucleotide probe (Figure 1B) containing
the EBS consensus-binding site from the HER2/neu promoter was incubated with purified ESX
and reactions were resolved on a native poiyacrylamide‘ gel. A representative EMSA is presented
in Figure 2A. Pre-incubating varying drug concentrations with the DNA ;ﬁrebe prior to the
addition of ESX, as shown for Hoechst 33342 in Figure 2A, inhibited ESX/DNA complex
formétion ina concentration—dependen’; manner. For Hoechst 33342 complete inhibition of
ESX!DNA complexes was seen at a concentration of 4.0 uM w1t§1 50% inhibition at 1.4 uM.

Results for each of the DNA-binding agents tested are shown graphically in Figure 2B and their

ICso values summarized in Table 1. Comparison of the ICsq values of the two A/T preferring

drugs, distamycin and Hoechst 33342 (0.7 ].LM and 1.4 uM, respectivefy), indicated these agents
weré similarly effective in preventing complex formation. The G/C preferring intercalator,
hedamycin, had the lowest ICs value (0.5 uM) with close to complete inhibition observed at 1.0
uM (Figure 23)‘ The evaluation of chromomycin A; was complicated by the fact that 12 mM
Mg*? is needed for optimal chromomycin A; binding to DNA and at these levels the ESX/DNA |
complex was reducéd in the absence ’of drug. A maximal Mg*? concentratioﬁ of 5 mM was

chosen which retained ~60% of the ESX/DNA complex compared with controls without Mg*?

(data not shown). These sub-optimal concentrations of Mg*? likely contributed to the relativel
y




high ICsp value of 10 uM (as per Table 1A) for ESX/DNA complex inhibition and the fact that it
could not completely inhibit the ESX/DNA complex even up to 20 uM, the highest

concentration tested (Figure 2B).

Effects of DNA-binding agents on cell-free expression of HER2/neu.

The agents studied in EMSASs were next evaluated for their efficacy as inhibitors of Ets
and/or TBP initiated cell-free transcription of the HER2/neu promoter template. This assay
provides a more complex environment for drug evaluation coinpared with EMSAs since it
includes many oﬂ1¢r nuclear components and uses a relatively large, linearized plasmid DNA
targét that contains the HER2/neu promoter and luciferase template. Briefly, plasmid was
incubated for 1 hour with nuclear extracts from SK-Br-3 cells and [0->?P]-CTP. The radiolabeled

transcripts were resolved on a denaturing polyacrylamide gel along with an RNA ladder to

~ identify the major HER2/neu band (~760 base pairs) of interest (35).

DNA-binding agents were incubated with the DNA template prior to transcript formation
to assess drug effectiveness as an inhibitor of cell-free expression from the HER2/neu promoter.
Figure 3 shows representative data demonstrating the concentration-dependent inhibition of
HER?2/neu transcript formation by Hoechst 33342. About 95% inhibition of HER2/neu
transcript formation was observed at ii} uM (lane 2) while detectable inhibition is seen at a
concentration as low as 2.5 uM (lane ‘4). The Hoechst 33342 ICs, value in the assay is 3.0 uM
(Table 1A). The average levels ef inhibition were derived from a quantitative ahalysis of rﬁore

than six separate experiments which are not always fully reflected in the individual gel image.




Results of cell-free transcription assays performed for each agent are presented in Figure

4 with ICs; values listed in Table 1A. Like the EMSA studies, A/T sequence preferring drugs,
distamycin and Hoechst 33342, showed similar ICsy values of 3.0 uM (Figure 4). Detectable

inhibition by distamycin was seen at a concentration of 2.5 uM with complete inhibition b}? 10
M. Contraryv to being the most effective agent in the EMSA analysis, the G/C intercalator,
hedamycin, was the least potent inhibitor of cell-free transcription, requiring 25 uM to reach
~90% inhibiﬁan. While (;ptimai drug-DNA binding conditions could not be achieved in the
EMSAs for chromomycin Aj;, the nuclear extract containing transcription conditions, which
included higher Mg*? concentrations, likely allowed for more effective binding of chromomycin
~ A3 to the promoter template. Under these assay conditions, chromomycin A; was the most
potent HER2/neu transcript inhibitor with detectable inhibition by 1.0 uM, an ICs, of 1.5 uM
and maxiﬁa% inhibition by 5.0 uM (Figure 5). Consistent with the concentration-dependent
decrease in the major HER2/neu transcript (760 base pairs), we noted a concentration-dependent
drug induced increase in partial transcript production in some samples suggesting an additional -
effect on transcript elongation (in Figure 3 lanes 2 to 5 the decreased 760 base pair full-length

band is accompanied by an increase in partial transcripts located below the 280 base pair marker

and just above the internal control in each lane).

Effects of DNA-binding agents on HER2/neu cellular mRNA levels in SK-Br-3 cells.
Despite the utility in using simplistic cell-free assays such as EMSA and in vitro

transcription for evaluating drugs, ultimately whole cell assessment is needed to determine their

overall effectiveness and target specificity. Northern blot analysis of cells treated 24 hours with




each DNA-binding agent was used tc- determine their ability to inhibit endogenous HERE;‘(:@::
transcription. SK-Br-3 cells, whose viability depends on HERE!néu overexpression, were used in
these studies. GAPDH (glyceraldehyde 3-phosphate dehydrogenase), a housekeeping gene with
comparable mRNA half-life ﬁiith that of HER2/neu mRNA (~8h), was used to measure the
overall effects on the cell’s transcriptional machinery (37, 38). Figure 5A shows a representative
Northern blot and the concentration-dependent inhibition of HER2/neu mRNA levels by Hoechst
33342. Detectable inhibition wa§ seen at 5.0 UM (lane 4) with a resulting Hoechst ICs of 9.0
UM (Figure 5B and Table 1B). In comparison, GAPDH mRNA was also inhibited to
comparable levels as HER2/neu following Hoechst 33342 treatment (Figure 5). Northern blots
were performed for each of the other drugs (Figure 5) with ICs, values presented in Table 1B.
Since cellular uptake and stability may affect drug action and the inhibition of HER2/neu
and GAPDH transcripts may have different time dependencies, the ﬁine-dependent effects on
inhibition of mRNA levels were evaluated. The standard assay used a 24-hour time point to
~ allow for the relatively long half-lives of HER2/neu and GAPDH. To determine if longer time
points might altsr the relative transcript inhibiting results, the least cytotoxic agent, di#tamycin
(see Table 1B), was Med since long-term treatment by the other drugs resulted in significant
lgsses in recoverable total RNA. Northern blot analysis was perfonned on total RNA harvested
from SK-Br-3 cells treéted with 50 uM distamycin for 24, 48, and 72 hours. As shown in Figure
5 there was a time-dependent decrease in HER2/neu mRNA levels that was not significantly

diﬁefent from that of the GAPDH mRNA inhibition.

Effects of DNA-binding agents on SK-Br-3 cell growth.




While all agents tested in Northern blot analysis inhibited HER2/neu mRNA production,
more than two orders of magnitude differences were observed in drug potency. These differences
cmﬂd result from diverse levels of specificity for the HER2/neu promoter or from dissimilar
specificities on other essential genes or the general transcriptional machinery. Thus, each agent
was evaluated for the ability to inhibit SK-Br-3 cell growth over a 72-hour continuous exposure.
Cell growth inhibition was determined by comparing the cell count of drué—treated samples with
the cell count of untreated controls and ICs values are presented in Table 1B. Hedamycin and
chromomycin A3 had ICs values in the sub-micromolar concentration range while the Hoechst
33342 ICs value waé in the low micromolar range. Distamycin was clearly the least cytotoxic
having an ICs, concentration in the hundred-micromolar range. The two agents that were most
~ potent at inhibiting HER2/neu and GAPDH mRNA levels, chromomycin A;; and hedamycin,
were also the most potent inhibitors of cell growth. Likewise, for Hoechst 33342 and
distamycin, there was a similarity between intracellular mRNA transcription (i.e. Northern blots)
and the ability to inhibit cell growth, with Hoechst 33342 being more effective than distamycin in

both assays.

Discussion:

Despite understanding the mechanisms by which TFs regulate gene expression at the
molecular level, utilization of this information to design inhibitors has lagged. This study
assessed the strategy of inhibiting gene expression by targeting DNA-binding agents to a

transcription factor binding site on a gene promoter in order to disrupt complex formation. Drugs

used as gene expression inhibitors are often based upon their inhibitory activity in EMSA assays,
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which utilizes a purified TF and a small oligonucleotide containing just the TF consensus-binding
- site. However, results from EMSA studies may not be predictive of drug ;;erfonnance as an
inhibitof of expression where regulation involves the interaction of numerous factors within a
 relatively large gene promoter region. This study not only analyzed drugs for their ability to
inhibit the Ets transcription factor, ESX, from binding to its consensus DNA site but also
examined whether this ability corresponded to subsequent’ effects on cell-free and cellular
expression of an Ets-regulated gene (HER2/new).

All agents were initially examined in a cell-free EMSA assay and found to inhibit
ESX/HER2/neu promoter complex formation in a dose-dependent manner with an overall order of
potency hedamycin = distamycin > Hoechst 33342 >> chromomycin A;. Based upon
hedamycin’s intercalative mode of DNA-binding, its potency as an inhibitor is likely related to
its ability to create significant distortion of the DNA helix with loss of binding site recognition by

- ESX (2,9, }9,’39, 40). The minor groove bihding agents, distamycin and Hoechst 33342 may

also effectively inhibit ESX/HER2/neu promoter complex formation by directly competing with
ESX for binding té minor groove contacts within its DNA-binding domain. Distamycin’s slightly
increased efficiency compared with Hoechst 33342, may be due to its capacity to bind as a side-
by-side dimer in regions with at least five A/T base pairs resulting in further narrowing of the
major groove thus interfering with ESX binding to its major groove contacts (2, 6-9, 41).
Chromomycin A; was the least effective inhibitor of ESX/HER2/neu promoter complex
formation likely due to the use of sub-optimal concentrations of Mg*?, an ion that is required by

- chromomycin A; for DNA-binding. These results contrast with its observed potent inhibition (<

17




I uM) of other TF/DNA complexes such as early growth response gene-1, Wilms tumor
suppressor gene-1 and TATA box binding protein (13).

Whether agents that blocked ESX/DNA complex formation also inhibit Ets-regulated gene
expression were evaluated utilizing cell-free expression assays containing an exogenous DNA
source in the presence of a nuclear Iyéate that includes functional transcriptional machinery and
endogenous factors including ESX. All agents tested showed a capacity to inhibit cell-free
transcripﬁon, whiig in contrast to the EMSA findings, the order of potency of the G/C preferring
agents differed, with chroﬁomycin A; being the most potent and hedamycin the least:
chrémomycin A; > distamycin = Hoechst 33342 > hedamycin (Table 1A).

Chromomycin A;’s increased efficacy is likely due in part to the enhanced DNA-binding
conditions created by the higher concentrations of Mg*2 (~7.5 mM), allowing for the fennaiibn of
the Mg*2-coordinated head-to-tail chromomycin A; dimers. That these dimers éreate significant
distortion and opening of the minor groove upon binding to the DNA could contribute to
chromomycin A3’s enhanced efficacy (9). In contrast, hedamycin, a potent inhibitor of
ESX/HER2/neu complex formation, showed relatively weak inhibition of HER2/ney transcript
formation. It is not clear why hedamycin’s efficacy decreased so dramatically since previously
our lab found hedamycin to be an effective inhibition of E2F-dependent cell-free expression (22).
Possibly hedaiﬁycin binds at sufficient distances form the transcriptional machinery that the
distortion caused by intercalation does not interfere with the transcriptional process. In contrast
to chromomycin A3 and hedamycin, which cause significant helical distortions, éistamycin and
Hoechst 33342 only produce minimal topological effects on the DNA helix. Distamycin and

Hoechst 33342 were equally inhibitory to HER2/neu transcript formation and demonstrated
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limited correlation with the EMSA results. Since these two agents share siiniiar DNA-binding
motifs, they would likely target common TF/DNA complexes such as the TATA box binding
protein.

From the prospective of the templéte and transcriptional machinery, inhibition of in vitro
transcription cannot be attributed exclusively to inhibition of ESX binding since other Ets
proteins found in the nuclear extract or other proteins involved in HER2/neu regulation could be
inhibited. Alternatively, decreased trangcription could be due to inhibition of binding by basal
TFs, such as TATA box binding protein, rather than the prevention of specific Ets protein
binding. An effect on genérai transcriptional machinery rather than targeted Mbiﬁon of Ets
binding by the MGBs is further supported by the appearance of partial HER2/neu transcripts.

Inhibition éf cell-free and cellular expression might differ since the latter requires drug
access to the nuclear target and stability in a cellular ‘environment. Northern blot al;alysis
revealed a concentration-dependent inhibition of cellular HER2/neuw mRNA levels with the -
following potency order: chromomycin A; > hedamycin >> Hoechst 33342 >> distamycin.
Signiﬁ_cantiy, only chromomycin A; behaved similarly as an inhibitor of cell-free and cellular
expression. Also, only the agents induciﬁg significant helical distortions (ciqumemycin Ajzand
hedémycin} were potent inhibitors of cellular HER2/neu expression. Drug induced helical
- distortion could decrease HER2/neu transcription by inhibiting the general transcriptional

machinery, which is necessary for optimizing expression.

Investigation of drug effects on SK-Br-3 cell growth revealed the same order of peténcy
as observed for northern blot aﬁaiysis: chromomycin A; > hedamycin >> Hoechst 33342 >>

distamycin. While the expression data provided fairly specific information about drug effects on
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a gene target, other non-specific effects in cells can influence cytotoxicity data. For example, the
longer time periods utilized in the cell growth inhibition studies will be inﬂueﬁced by drug
stability within the cellular environment. In addition, studies have shown some cell lines actively
remove Hoechst 33342 (42, 43). Similarly, cellular uptake might influence cytotoxicity results.

This study fevealed the difficulty in extrapolating a drug’s ability to inhibit cell-free
?FIDNA complex formation to its effectiveness as an inhibitor of both cell-free and cellular gene
expression. While each of these assays provide consistent evidence of drug inhibition of TF
binding they cannot take into account factors in a whole cell environment that may impinge upon
drug activity. Extrapolation of the cellular mRNA inhibition to equally cytotoxic drug levels
revealed no agent capable of selectively inhibiting targeted gene expression. Likewise, attempts at

 correlating TF/DNA complex formation with cellular gene expression and cytotoxicity is difficult
since we cannai ascertain if cell death was due to HER2/neu inhibition or to some other drug
associated event.

Drug effects on expression in cells may or may not be strictly related to the ability of the
drug to target a particular gene promoter. Understanding the mechanism of melgcuiar regulation
of a gene promoter and cell-free evaluation of how drugs can affect the individual components of
this regulation are needed to develop drugs with enhanced inhibitory activity. There is a need for
further development of drugs that cannot only inhibit gene expression in cells, but can do so in a
manner that is based upon a DNA targeting strategy. Recent studies have found that ﬁniqueiy
designed sequence specific minor groove binding agents, polyamides, which are not cytotoxic,

bind DNA as side-by-side dimers and are extremely effective inhibitors of TE/DNA complex

formation and cell-free expression (44-50). Effective inhibition of ESX binding to the HER2/neu
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promoter as well as inhibition of Ets-regulated cell-free expression by polyamides also was
reported (35). Currently, studies are underway to develop polyamides as more specific
inhibitors of HER2/neu expression in cells without the accempanying whole-cell cytotoxicity,

which often occurs with the more conventional DNA-binding ageﬁts.
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" Table 1: IC50 values for each agent tested in cell-free and whole-cell assays. 4, the DNA -
binding agents are listed below with their respective DNA binding properties and ICs, values for
inhibition of ESX/DNA complex formation in electrophoretic mobility shiﬂ assays and
HER?2/neu transcript formation in cell-free transcription assays. B, each agent was evaluated for
ability to inhibit HER2/neu and GAPDH mRNA production following a 24-hour drug exposure
using northern blot analysis. Comparing the cell count of SK-Br-3 cells faiiqwing a 72-hour

continuous drug exposure to the cell count of untreated controls yielded cell growth inhibition

values.
A.
EMSA Cell-free transcription
Drug ICso values (uM) ICsp values (uM)
Hoechst 33342 14 3.0
Distamycin A 0.7 ' 3.0
Chromomycin A; - 10.0 1.5
Hedamycin 0.5 ’ -~ 8.0
B.
Drug Norther blots (24 hrs) ooy 5rowth Inhibition (72 hrs)
IC5p values (uM) ICs, values (uM)
HER2/neu GAPDH 50
- Chromomycin Az 0.04 - 0.07 0.05
Hedamycin 0.21 0.21 0.10
Hoechst 33342 9 9 7.0

Distamycin A 66 57 114




| Figure 1: A4, structures of the DNA binding agents. B, partieé HER2/neu promoter sequence

containing the ESX binding site (bold) and the EBS core sequence (underline). There is also a
TBP binding site overlapping the 3’-end of the ESX binding site.

Figure 2: Inhibition of ESX binding to the HER/neu promoter by each DNA-binding
agents. A, Hoechst 33342 (0-4 uM) was incubated with **P-labeled oligonucleotide containing a
portion of the HER2/neu promoter followed by incubation with purified bacterial-expressed ESX
protein. Samples were electrophoresed on 4% native polyacrylamide geis, dried, exposed to film
and inhibition of ESX/DNA complex formation quantitated by densitometric analysis. The figure
shows a representative EMSA demonstrating the concentration-dependent ability of Hoechst
33342 to prevent ESX binding to the HER2/neu promoter. B, EMSAs were performed for each
agent and the percent inhibition of complex formation was determined by comparing the
ESX/DNA complex of drug treated sampies to the average complex of 3 untreated controls. The
percent ’inhibition of complex formation was averaged from a minimum of 3 separate experiments
and plotted against drug concentration (UM). Bars, SD. The ICsq values (the amount of drug

required to inhibit complex formation by 50%) are summarized in Table 1.

Figure 3: Inhibition of céll-free transcription from the HER2/neu prametef by Hoechst
33342. Hoechst 33342 was incubated with linearized plasmid DNA containing the HER2/neu
promoter followed by incubation with SK-Br-3 nuclear extract and labeling cocktail, as described
in Methoés: Samples were loaded onto a 7 M-urea polyacrylamide gel, electrophoresed, dried,
and exposed to Phosphorlmaging Screen with *P signal quantitated by ImageQuant software.

- Normalization for equal ioaciing was based on an internal control (IC). The following is a

representative cell-free transcription assay showing the concentration-dependent inhibition of

HER2/neu transcript formation by Hoechst 33342. Lawnes 1, 6, and 7 are untreated controls.

Lanes 2-5 are Hoechst 33342 treatment at 10.0, 5.0, 2.5 and 1.25 pM, respectiveiy. An RNA




- ladder was used to verify the band of interest based on transcript size, ~760 base pairs, as noted

on the scale to the right.

- Figure 4: Inhibition of HER2/neu promoter transcript expression by each DNA-binding
agent. For each DNA binding agent, cell-free transcription assays were performed and the
percent inhibition of transcript formation was determined by comparing the normalized
HERE/neu transcript signal of érug?treated samples with the average normalized HER2/neu

’ transci'ipt signal of 4 untreated controls. The percent inhibition of transcript formation was

averaged from 3-4 experiments and plotted against drug concentration (uM). Bars, SD.

Figure 5: Inhibition of HER2/neu cellular mRNA levels in SK-Br-3 cells by DNA-binding
agents. A, SK-Br-3 cells were exposed to Hoechst 33342 for 24 hours at the indicated
‘concentrations followed by harvesting total RNA. Samples were electrophoresed on a
formaldehyde-agarose gel, transferred to nylon membrane and probed with GAPDH and
HER2/neu P-labeled cDNAs. Shown is a representative northen; blot dexﬁenstrating a
concentration-dependent decrease in HER2/neu and GAPDH mRNA signals produced by
Hoechst 33342. Lanes 1, 2, 7 and 8 are untreated controls, Lanes 3-5 are Hoechst 33342

- treatments at 10, 5.0, 2.5 and 1.0 pM, respectively. B, Northern blot analysis of cells treated 24
hours with each ageniwas performed az§ the percent inhibition of mRNA production determined
for both HER2/neu () and GAPDH (). Comparison of the drug treated HER2/neu signal to
the avefage HER2/neu signal of 4 untreated controls yielded percent inhibition of mRNA
production. The results were averaged from a minimum of 2 experiments with duplicate samples
and plotted against drug concentration. Additionally, northern blot analysis was performed after
continuous 50 uM distamycin treatment of SK-Br-3 cells for 24, 48 and 72 hours. Comparison
of distamycin-treated mRNA signal to the average signal generated by 4 untreated controls
yielded percent inhibition HER2/neu and GAPDH mRNA production. The results of 6 separate
studies were plotted against time. GAPDH mRNA was used in this study as a measure of

general transcription versus HER2/neu mRNA as the drug-targeted site of transcription. Equal

loading was verified by visual inspection on a UV light box. For some data points error bars were




not inéiuded since RNA recovery made it difficult to obtain consistent data. The difficulty

occurred because the drug was relatively cytotoxic under the conditions studied. Bars, SD.
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